Aims/hypothesis IL-12 is an important cytokine in early inflammatory responses and is implicated in the immunemediated pathogenesis of pancreatic islets in diabetes. However, little is known about the direct effects of IL-12 on islets and beta cells. Methods In this study, beta cell function, gene expression and protein production were assessed in primary human donor islets and murine beta cell lines in response to stimulation with IL-12 or a pro-inflammatory cytokine cocktail (TNF-α, IL-1β and IFN-γ).
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Introduction
Type 1 diabetes, a T cell-mediated autoimmune disease, is characterised by active immune-mediated destruction of insulin-producing beta cells [1, 2] . Infiltration of the islets with inflammatory cells responding to islet-associated antigens [3] , subsequent insulitis and promotion of a pro-inflammatory environment are hallmarks of the autoimmune attack in humans who spontaneously develop type 1 diabetes and in animal models of the disease. Manipulation in the balance of T cell subsets clearly shows that Th1-promoting factors enhance or accelerate the onset of type 1 diabetes [4, 5] . One of the key cytokine pathways that promotes the development of T helper 1 (Th1) cells is IL-12-driven expression of IFN-γ. IL-12 is a heterodimeric ligand formed from a disulfidelinked protein 35 (p35) A-chain and a protein 40 (p40) B-chain. IL-12 binds the heterodimeric receptor of β1-and β2-plasmamembrane-traversing proteins to induce signalling pathways, including Janus kinase/signal transducer and activator of transcription (JAK/STAT) and mitogen-activated protein kinase/ protein 38 (MAPK/p38 activation) [6, 7] . The primary intracellular mediator of IL-12-receptor ligation is phosphorylation of STAT4 [8, 9] . IL-12 has a critical role in the development and pathogenesis of autoimmune diseases by driving the recruitment of inflammatory cells. The accepted cell sources for IL-12 are monocytes, macrophages, dendritic cells, neutrophils and B lymphocytes [10] . Interestingly, IL-12 production is positively upregulated by IFN-γ, creating a potential reinforcing feedback loop, as IL-12 upregulates IFN-γ [7, 11] . IL-12 also contributes to the proliferation of differentiated Th1 cells by enhancement of IL-12 receptor expression [12] . Consequently, IL-12 has been identified as a key target for autoimmune modulation [13] . In NOD mice, which spontaneously develop diabetes, IL-12 plays a significant role in the transition from nondestructive to destructive insulitis [4, 5] . The importance of IL-12 in human diabetes has been raised in genetic studies. The type 1 diabetes susceptibility locus, IDDM18, is located near a regulatory allele of the IL-12p40 (also known as IL12B) gene [14] , and single nucleotide polymorphisms in this region associate with an earlier age of onset of type 1 diabetes and accelerated deterioration in glycaemic control [15, 16] .
Pro-inflammatory cytokines are associated with islet dysfunction and destruction. Chronic intracellular oxidative stress in islets can be activated by pro-inflammatory cytokines [17] , leading to a loss of insulin secretion [18] and destructive protein or DNA modification [19] . Islets also show increased rates of apoptosis (reviewed by MandrupPoulsen et al [20] ) and decreased proliferation indices [21] on exposure to pro-inflammatory cytokines. An increase in pro-inflammatory cytokines is contraindicative for graft survival in islet transplantation [22] . Pro-inflammatory cytokine levels are elevated in patients with type 2 diabetes (reviewed by Boden [23] ). Significantly, a small molecule modulator of IL-12 signalling protects human islets from pro-inflammatory cytokine injury [24] , suggesting a possible link between inflammatory cytokines and IL-12 in the pathogenesis of beta cell dysfunction.
Are IL-12 pathways also active directly in islet beta cells? Previous studies have found that the STAT4 signalling pathway is active in islet beta cells [25, 26] . In this study, we evaluated whether IL-12 has a direct role in islets and beta cells: an effect that is distinct from the established influence of IL-12 on immune cells. Our data reveal that proinflammatory cytokines upregulate IL-12 signalling components in islets and beta cells. We show that primary human islets and murine beta cell lines are responsive to IL-12. Islet and beta cell dysfunction is induced by IL-12 and a neutralising antibody that blocks IL-12 protects human islets from the destructive effects of pro-inflammatory cytokines. Cell culture INS-1 cells were cultured in RPM1 1640 (Invitrogen, Carlsbad, CA, USA) containing 10% v/v fetal calf serum, 100 units penicillin/100 μg/ml streptomycin, 10 mmol/l Hepes, 2 mmol/l L-glutamine, 1 mmol/l sodium pyruvate and 0.05 mmol/l 2-mercaptoethanol. β-TC3 cells were cultured in DMEM (Invitrogen) containing 2.4% v/v fetal calf serum, 15% v/v horse serum and 100 units penicillin/100 μg/ml streptomycin. Cells were cultured at 37°C and 5% CO 2 .
Methods

Approvals and reagents
Real-time PCR Primary human or mouse islets, INS-1 or βTC-3 beta cell lines were treated with IL-12 (1-10 ng/ml) or IL-1β (5 ng/ml), TNF-α (10 ng/ml), and IFN-γ (100 ng/ml) (R&D Systems, Minneapolis, MN, USA) with and without anti-IL-12 antibody (1 μg/ml, eBioscience, San Diego, CA, USA) for 4 or 24 h. cDNA was prepared using Moloney murine leukaemia virus reverse transcriptase (MMLV-RT; Invitrogen) and random hexamers (Invitrogen). All reactions were done in triplicate. Taqman primers for IL-12p40, IL12p35 (also known as IL12A), IFNγ (also known as IFNG), STAT4, IL-12Rβ1 (also known as IL12RB1), IL-12Rβ2 (also known as IL12RB2), CCL5, CXCL10, β-actin and caspase-3 were purchased commercially from Applied Biosystems (Carlsbad, CA, USA). Results were normalised to the housekeeping gene β-actin and data were analysed using the 2 Glucose-stimulated insulin secretion For each condition, 40 human islets were picked. Cytokine-treated islets were incubated with a pro-inflammatory cocktail of IL-1β (5 ng/ml), TNF-α (10 ng/ml) and IFN-γ (100 ng/ml) (R&D Systems) for 24 h in CMRL medium (Invitrogen) supplemented with 5% v/v FBS. After treatment, islets were placed in 1 ml serum-free Kreb-Ringer buffer (115 mmol/l NaCl, 24 mmol/l NaHCO 3 , 5 mmol/l KCl, 1 mmol/l MgCl 2 , 2.5 mmol/l CaCl 2 , 25 mmol/l HEPES, 0.001% wt/v BSA) and incubated for 1 h at 37°C. Glucose (Invitrogen) at low (3 mmol/l) or high (18 mmol/l) concentration was added for 1 h at 37°C. Media were sampled and insulin measured using species-specific insulin ELISA (Mercodia, Uppsala, Sweden).
Caspase-3 protease activity assay INS-1 cells were treated with either murine IL-12 (10 ng/ml), or cytokine cocktail (5 ng/ml IL-1β, 10 ng/ml TNF-α, INF-γ 100 ng/ml [R&D Systems]) with or without 1 μg/ml anti-mouse IL-12 (eBioscience) for 4 h. Activity was assayed using the caspase-3 assay kit (BD Pharmigen, San Diego, CA, USA) as per the manufacturer's instructions.
Western blot Approximately 20 μg protein extracted from islet cells was loaded per lane. The polyvinylidene fluoride membranes were probed with primary antibodies to IL12p35 or IL-12p40 (Santa Cruz Biotechnology) at 1:100 dilution, 1:250 phosphorylated-STAT4 (p-STAT4; B&D Scientific, Franklin Lakes, NJ, USA), or 1:3,000 β-actin (Santa Cruz Biotechnology). HRP-conjugated secondary antibody (GE Healthcare UK, Little Chalfont, UK) was added, and the signal was analysed with a ChemiDoc XRS System and associated densitometry software (Bio-Rad, Hercules, CA, USA).
Analysis The data show fold induction over unstimulated control (defined as unity) and were analysed for significance (p<0.05) using an unpaired two-tailed t test with 95% CI (Graphpad Prism 4) and one-way ANOVA with Tukey posthoc (Graphpad Prism 5). Data are provided as mean±SEM. All data shown are the result of a minimum of three separate experiments.
Results
Local expression of IL-12 in human islets exposed to proinflammatory cytokines Incubation of donor human islets with a cocktail of pro-inflammatory cytokines (IL-1β, TNF-α and IFN-γ) induced islet dysfunction (electronic supplementary material [ESM] Fig. 1 ). Concomitant with human-islet dysfunction induced by pro-inflammatory cytokines were significant increases in target gene expression. Shown in Fig. 1a -d are fold changes from five human donors for the expression of the IL-12 ligand chains IL12p40 and IL-12p35, IFNγ and MCP-1 (also known as CCL2, and encoding monocyte chemotactic protein-1 [MCP-1]), relative to donor islets that were time matched and incubated without pro-inflammatory cytokines. Inset for each graph is a representative response in a single human donor (insets, Fig. 1a-d) . IL-12p40 expression (Fig. 1a) was at the limit of detection (C t ≥40) in control (untreated) islets and showed an exponential fold increase in expression following stimulation with the pro-inflammatory cocktail. In contrast, IL-12p35 (Fig. 1c) was detected (C t 035±2) in untreated islets and expression increased upon stimulation with pro-inflammatory cytokines, reaching a plateau in fold expression at 4 h. Pro-inflammatory cytokines also induced the expression of IFNγ mRNA in an exponential manner (Fig. 1b) . The expression of MCP-1 was rapidly upregulated by pro-inflammatory cytokines (Fig. 1d) . A fold increase in MCP-1 expression was detectable at 2 h, with expression plateauing by 6 h.
To explore if synergy between stimulatory cytokines was required for the observed IL-12 ligand gene induction, islets were stimulated with either the cocktail of pro-inflammatory cytokines or each pro-inflammatory cytokine alone. Relative fold changes in gene expression were determined (Fig. 1e) . The cytokine cocktail resulted in sevenfold, 7.5-fold and ≥128-fold induction of gene expression (p>0.05) for MCP-1, IL-12p35 and IL-12p40, respectively. In contrast, negligible induction of gene expression was detected in islets stimulated with IL-1β, TNF-α or IFN-γ alone. Individual cytokines did not induce IFNγ (data not shown). This result was also observed in primary mouse islets (data not shown).
Analogous to the data from human donor islets, stimulation of primary mouse islets with a cocktail of murine proinflammatory cytokines (IL-1β, TNF-α and IFN-γ) increased gene expression of IL-12 ligand and Ifnγ. Pro-inflammatory cytokines stimulated the expression of mouse Il-12p40, Il12p35 and Ifnγ, 5.4 ± 2.5-fold (p < 0.01), 3.1 ± 0.8-fold (p<0.05) and 4.2±2.7-fold (p<0.05), respectively, relative to control (Fig. 1f) .
Expression and regulation of IL-12 receptor subunits in human islets following treatment with pro-inflammatory cytokines Immunohistochemistry detected the IL-12RB2 chain in human pancreas sections from non-diabetic donors. The IL-12RB2 was located predominantly in the islet, with limited detection in non-islet pancreatic regions (Fig. 2a) . Co-staining with insulin was used to identify beta cells (Fig. 2b) and dual insulin-and IL-12RB2-positive cells were revealed in the merged image (Fig. 2c) . These data suggest human islet beta cells produce the IL-12 receptor. The inset in Fig. 2c shows an expanded islet cell (location marked), the intracellular insulin (red) is contrasted with the IL-12RB2 staining (green) at the cell border (arrowhead in Fig. 2c ). The ability of inflammatory cytokines to modulate expression of the IL-12 receptor gene was additionally explored (Fig. 2d) . Stimulation of human donor islets with the pro-inflammatory cytokine cocktail induced IL-12 receptor chain expression (Fig. 2d) . Shown in the graph are mean fold inductions in gene expression from three or more human islet donors relative to control. Expression of IL-12Rβ1 was increased 1.28± 0.31-fold and 6.28±3.62-fold at 4 h and 24 h after stimulation, respectively (p<0.05). The expression of IL-12Rβ2 was also increased 1.70±1.18-fold and 7.63±2.35-fold at 4 h and 24 h after stimulation, respectively (p<0.05).
Blocking IL-12 ligand inhibits pro-inflammatory-cytokinestimulated gene expression in human islets The direct role of IL-12 in mediating gene changes in human islets was explored using a neutralising antibody to the IL-12p40 ligand (Fig. 3) . IL-12 stimulated a dose-dependent increase in IFNγ expression at 4 h (Fig. 3a, squares) . This IL-12 stimulation of IFNγ gene expression was blocked with a neutralising antibody to IL-12 (Fig. 3a, triangles, p<0.05) . The pro-inflammatory cytokine cocktail also induced IFNγ expression in human islets, as shown in Fig. 1 . Inclusion of a neutralising antibody to IL-12 in the pro-inflammatory cytokine cocktail significantly (p<0.001) decreased the induced gene expression of IFNγ. Shown in Fig. 3b , the relative response with and without neutralising IL-12 antibody in seven donors is expressed as a percentage response. (Fig. 3c) . In contrast, the increase in IFNγ expression with pro-inflammatory cytokine stimulation was higher with 24 h stimulation than with 4 h stimulation (p<0.05).
Il-12 pathways are present and functional in murine beta cell lines To remove immune-cell-derived IL-12 and explore if isolated beta cells are functionally responsive to IL-12, studies were performed on homogeneous beta cell lines (Fig. 4) . INS-1 and βTC-3 (rat and mouse, respectively) are beta cell lines that retain insulin responsiveness to glucose. The data for INS-1 cells are shown in Fig. 4 . Stimulation with the pro-inflammatory cytokine cocktail for 4 h induced the expression of Il-12 ligand chains Il12p35 and Il-12p40, 2.6±1.5 (p00.1) and 4.3±2 (p<0.05), respectively (Fig. 4a) . Induction of IL-12 ligand chains was not detected with IL-12 stimulation for 4 h (Fig. 4a) . Stimulation for 4 h with pro-inflammatory cytokines, but not IL-12, increased the expression of both chains of the IL-12 receptor, 15.3±4.1 (p<0.05) and 6.1±0.6 (p<0.01) for Il12rβ1 and Il-12rβ2, respectively (Fig. 4b) . Cellular production of IL-12p35 was upregulated in βTC-3 cells treated with cytokines (ESM Fig. 2a-d ) and IL-12p70 was detected in lysates from INS-1 cells treated with cytokines (ESM Fig. 2e ). To determine if the beta cell lines were responsive to IL-12 signalling, expression analysis was performed using a targeted JAK/STAT PCR gene array. The expression of several genes was specifically elevated in IL-12-treated INS-1 cells (ESM Fig. 3 and ESM Table 1 ) and βTC-3 cells (inset, ESM Fig. 3 ). Ifnγ was identified as being upregulated in both arrays (broken circle in ESM Fig. 3 ). Quantitative real-time PCR of cytokine-or IL-12-stimulated INS-1 cells showed a 3.9±1.5-and 2.6±0.9-fold induction in Ifnγ expression, respectively (p<0.05 for both) (Fig. 4c) . Protein secretion of IFN-γ was detected in cytokine-stimulated INS-1 cell culture media (ESM Fig. 2f ). The induced gene expression of Ifnγ by IL-12 in INS-1 cells showed an IL-12 dose response that is consistent with the reported halfmaximal effective concentration (EC 50 ) for IL-12 (Fig. 4d) .
Induction of INS-1 beta cell dysfunction by IL-12
To assess the direct functional effects of IL-12 in beta cells, the homogeneous beta cell line INS-1 was studied (Fig. 5) . Static glucose-stimulated insulin secretion (GSIS) in INS-1 cells was measured in control cells (Fig. 5a , light grey bars) or cells treated with 2.5 ng/ml IL-12 for 6 h (Fig. 5a , dark grey bars). A significant (p<0.05) increase in insulin secretion was seen in control cells incubated with 16.7 mmol/l glucose (high) related to 1 mmol/l glucose (low). In cells pre-treated with IL-12, the high-glucose-stimulated insulin response was attenuated (p<0.01). IL-12 also inhibited GSIS in the homogeneous mouse beta cell line MIN6 (S. GreenMitchell, unpublished data). To discover if loss of GSIS by IL-12 in INS-1 cells was associated with induced beta cell apoptosis, induction of caspase-3 protease activity was assessed (Fig. 5b) together with cell death (ESM Fig. 4) Modulation of human beta cell function by IL-12 GSIS in human donor islets was contrasted in islets untreated for 24 h, islets treated with the pro-inflammatory cytokine cocktail, or IL-12 alone (Fig. 6) . Cytokine or IL-12 treatment of human islets resulted in a loss of insulin secretion in response to high (16.7 mmol/l) glucose stimulation (p<0.05). To determine if induced IL-12 is a component of cytokine-induced islet dysfunction, human donor islets were additionally treated with the pro-inflammatory cytokine cocktail in the presence of a neutralising antibody to IL-12 (Fig. 7) . The neutralising antibody to IL-12 partially restored the GSIS response that was inhibited by cytokines (p<0.05).
Comparison of protein production between control and type 2 diabetic human islets The relative protein production of IL-12 ligand and p-STAT4 were compared between human islets from non-diabetic donors and islets from type 2 diabetic donors (Fig. 8) . Protein production for IL-12p35 (Fig. 8a ) and IL-12p40 (Fig. 8b) was increased in islets from type 2 diabetic donors (p<0.05). Consistent with an upregulation of IL-12 ligand production, an increase in p-STAT4 was seen in the islets from the type 2 diabetic donors (Fig. 8c) . Collectively, these data show that IL-12 ligand upregulation in islets follows acute stimulation with pro-inflammatory cytokines. Beta cells directly produce IL-12 ligand, express IL-12 receptor and are responsive to IL-12 signalling. IL-12 directly contributes to beta cell dysfunction. Modulation of IL-12 with a neutralising antibody can protect human islets from the destructive effects of pro-inflammatory cytokines. Elevation of pro-inflammatory cytokines is a feature of both type 1 [27] and type 2 diabetes [28] [29] [30] . Exposure of islets to elevated pro-inflammatory cytokines induces cellular dysfunction and increases intracellular reactive oxygen species [31, 32] , to which islet beta cells are especially susceptible [19, 33, 34] . An acute exposure of human donor islets to a cocktail of three pro-inflammatory cytokines (TNF-α, IFN-γ and IL-1β) at pathological concentrations induced islet dysfunction [17, 35] . Coincident with the loss of islet function and viability was a significant elevation in the expression of genes encoding the IL-12 ligand and the downstream effector of IL-12, IFN-γ. Pro-inflammatory cytokines also induced the expression of MCP-1 by beta cells, an established marker of islet dysfunction that is used as a clinical measure of islet viability in islet transplantation [36, 37] . Rapid changes in islet gene expression followed pro-inflammatory cytokine stimulation. MCP-1 was detected within 2 h and kinetic profiling showed that proinflammatory cytokine induction of IL-12 function, as measured by the induction of IFNγ, was rate limited by the expression of IL-12p40.
Cytokine synergy in human islets has previously been reported [38] . Synergy between TNF-α, IL-1β and IFN-γ was required to upregulate IL-12 in human donor islets. IL-1β has been reported as a prime mediator of islet damage. Consequently, inhibition of IL-1β is the focus of several therapeutic strategies to preserve islets [39, 40] . In the current study, IL-1β alone was not sufficient to induce the expression of MCP-1 or IL-12 ligand chains.
This study questioned whether IL-12 production and response are functionally relevant for islet beta cells. Immunofluorochemistry identified that IL-12RB2 chain was localised at the cell surface of human islet beta cells, suggesting beta cells may be directly responsive to IL-12. Genes for the IL-12 receptor were upregulated by pro-inflammatory cytokines. Both pro-inflammatory cytokines and IL-12 directly induced IFNγ in human islets. Inclusion of a neutralising antibody to IL-12p40 inhibited the expression of IFNγ induced by proinflammatory cytokines. IL-12p40 is a shared ligand chain, forming IL-23 when heterodimerised with IL-23p19 [41] . Thus, neutralising IL-12p40 does not eliminate a contribution by IL-23 [42] . The importance of IL-12 is supported by expression of IL-12p35 and the direct effects mediated by exogenous IL-12. These data indicate that IL-12 is a mediator of the effects of pro-inflammatory cytokines in human islets. Peak induction of IFNγ occurred earlier with IL-12 stimulation than with pro-inflammatory cytokines. This temporal shift is consistent with the concept that pro-inflammatory cytokines induce IL-12 in islets that subsequently contributes to increased IFNγ expression.
While IL-12 has been linked to diabetes onset in previous reports, a direct action of IL-12 on beta cells has not been resolved. During the development of diabetes in NOD mice and biobreeding (BB) rats the expression of endogenous Il12p40 and Ifnγ increased prior to diabetes onset [43, 44] . Systemic daily administration of IL-12 to NOD mice increased diabetes incidence [5] , whereas sustained, but not intermittent [45] , addition of an IL-12 antagonist decreased diabetes incidence [46, 47] . To address if local expression of IL-12 in beta cells could initiate diabetes, Holz et al generated transgenic mice producing IL-12 or monomeric IL-12 chains in the beta cell [48] . Rat insulin promoter IL-12 (RIP-IL-12) transgenic mice developed pancreatic islet inflammation that was associated with an elevation in IFN-γ. Conversion to Exogenous IL-12 directly promoted beta cell dysfunction. In INS-1 beta cells, using GSIS as the indicator of beta cell function, IL-12 significantly reduced the GSIS response (p< 0.01), a result also observed in mouse MIN6 cells (S. GreenMitchell, unpublished results). Further, IL-12 induced caspase-3 protease activity in INS-1 cells. Caspase-3 activity is a marker of induced cell apoptosis. A neutralising antibody to IL-12 blocked caspase-3 activity induced by IL-12 and also caspase-3 activity induced by the pro-inflammatory cytokine cocktail. In human donor islets, IL-12 attenuated the GSIS response and a neutralising antibody to IL-12 partially restored the loss of GSIS response by the pro-inflammatory cytokine cocktail (p<0.05). In RIP-IL-12 mice, the expression of the chemokine genes Ccl5 and Cxcl10 was upregulated [48] . IL-12 increased the expression of these chemokine genes in βTC-3 cells, and this was inhibited by an IL-12-neutralising antibody (ESM Fig. 5 ). These data show that IL-12 is a component of beta cell dysfunction induced by pro-inflammatory cytokines in human donor islets and beta cell lines. IL-12 directly and negatively modulates islet beta cell function.
Protein production of IL-12p40, IL-12p35 and p-STAT4 was upregulated in islets from type 2 diabetic donors compared with non-diabetic islets in a small study (p<0.05). This would be consistent with elevated local and systemic concentrations of pro-inflammatory cytokines associated with type 2 diabetes [28] [29] [30] . Serum concentrations of IL-12 have a positive correlation with insulin resistance and pro-inflammatory cytokine expression in individuals with newly diagnosed type 2 diabetes [49] . STAT4 is a principal second messenger associated with IL-12 receptor ligation [8] . STAT4 activation is an important factor in the development of rodent models of type 1 diabetes [8, 26, 32, 50] . Genetic deletion of Stat4 completely prevented the spontaneous development of type 1 diabetes in the NOD mouse model [25, 50] . In human type 1 diabetes genetic studies, polymorphisms in IL-12p40 have been identified from linkage analysis [14] [15] [16] . Consolidating the data from this study, modulation of IL-12/STAT4 activity may be an attractive therapeutic target for human diabetes.
In summary, this study describes a direct role of IL-12 on pancreatic islets and beta cells. Both produce IL-12 and are functionally responsive to IL-12. IL-12 directly promotes islet dysfunction and is a mediator of beta cell dysfunction induced by pro-inflammatory cytokines. Modulation of IL-12, either through molecule sequestration, pharmaceutical inactivation of IL-12 signalling or small molecule/biological blockade of IL-12 receptor-ligand interaction, may provide a new therapeutic approach to preserve and protect pancreatic beta cell mass in diabetes.
